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Abstract 
Solar cells featuring a dielectrically coated rear side combine excellent electrical passivation, yielding high open 
circuit voltages, with high light trapping capabilities, yielding high short circuit currents. The roughness of the rear 
side is a crucial parameter for the optical properties of these devices. We therefore analyze the influence of the rear 
surface roughness on the charge carrier generation and the spectral reflection of the devices using predictive, three 
dimensional modeling of the rear surface based on the transfer-matrix formalism. After the verification of this so-
called tilted-mirrors-model, we compare it to the widely used Phong model. When fitting the spectral reflectance of 
the Phong model using its two empirical parameters to the spectral reflectance obtained with the predictive model, we 
calculate 0.2 - 0.4 mA/cm² lower photogenerated current densities. We further use the predictive model to 
demonstrate the optical impact of variations of the thickness of the passivation layers. 
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1. Introduction 
After alkaline texture on both sides of the wafer, the rear side of passivated emitter and rear cells 
(PERC) [1] can be wet chemically polished [2, 3] before being coated with one ore more thin dielectric 
layers. The polishing leads to better surface passivation and better light confinement [4]. Finally, 
aluminum is deposited on the passivated rear of the device. Detailed optical modeling is an important 
contribution to support the optimization of such structures and the development of suitable processes, 
materials and geometries. 
For modeling the optical properties of planar surfaces, the transfer-matrix formalism (TMF) [5] can be 
used [6], which is based on the Fresnel equations and therefore a physical and predictive approach. 
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However, for modeling the optical properties of rough surfaces, the empirical Phong reflection model [7] 
is usually applied [8-10]. It models the intensity R of internally reflected light according to 
R = R0∙cosω(α), where the two empirical parameters R0 and ω correspond approximately to the total 
reflectance and the roughness of the interface, respectively. The angle α denotes the difference between 
the direction of the actually traced reflected ray and the angle of specular reflected light. Since these 
parameters R0 and ω are empirical, there is no direct and simple way to calculate their values for a given 
passivation stack and a given surface morphology. In order to circumvent these disadvantages of the 
Phong model, we implemented a predictive, physical model for the optics of rough rear surfaces. 
 
  
Fig. 1. The textured and single-side polished rear surface morphology of the Cz-samples exhibits small pyramids with root mean 
square roughness of approx. 1 μm (left), whereas the FZ-samples are much more flat with root mean square roughness of less than 
50 nm (right) 
2. Experimental data 
In order to verify our model, a batch of reference samples was prepared. This batch contains samples of 
planar float zone (FZ) wafers as well as samples of Czochralski (Cz) silicon wafers. The latter were 
textured on both sides using potassium hydroxide base and were subsequently single-side wet-chemically 
polished at the rear using a combination of hydrofluoric acid and nitric acid [3]. Three dimensional data 
of the rear sides (Fig. 1) were taken with a confocal microscope. All samples feature an anti-reflection 
coating (ARC, 75 nm silicon nitride SiNx) on the front and passivation stacks consisting of silicon-rich 
silicon-oxynitride (“SiRiON”, 20, 30 and 40 nm) [11] and SiNx (60, 80 and 100 nm) layers of varying 
thickness and aluminum on the rear. The wafer thickness was measured by weighting to approx. 130 μm. 
The real and imaginary parts of the refractive indices ñ = n +i∙k and the thickness of the passivation layers 
were measured on planar FZ wafers with single passivation layers using spectral ellipsometry. The 
refractive index of SiNx (SiRiON) is approximately 2.05 (3.3) at 600 nm. The spectral hemispherical 
reflectance R(O) of all samples was measured using a spectrometer in the spectral range from 300 nm to 
1200 nm from the front side of the samples. It is dominated by the properties of the front surface up to 
wavelengths of 1000 nm. For higher wavelengths, the absorption length of light in silicon exceeds the 
wafer thickness and the properties of the rear influence the reflectance. However, the reflection of the 
planar FZ-samples depends only weakly on the thickness of the dielectric stack due to the poor light 
trapping capabilities. In contrast, a variation of approx. 10%abs. at 1200 nm is apparent for the rough Cz-
samples (Fig. 2). 
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3. Simulations 
3.1. Description and validation of the tilted-mirrors-model 
For the optical modeling of the Cz-samples, we use a 3D symmetry element with a quarter of a typical 
pyramid on top with opening angle of 70.5° covered by the ARC at the illuminated front side. We map a 
section of the 3D microscope image (Fig. 1) onto the triangular rear of the symmetry element. This is a 
crucial step: If this section of the microscope image is too small or if the resolution is too low, the 
characterization of the surface roughness by the image section is not representative and the simulation 
will not match the measurement. If a large section of the microscope image with high lateral resolution is 
chosen, long computation times result. We reduce the initial lateral resolution of approx. 0.31 μm per 
pixel to 0.94 μm per pixel by taking only every third pixel into account. We then choose a triangular 
section of this image with the hypotenuse 50 μm long, which is subsequently five-fold compressed in all 
three dimensions in order to match the size of the optical symmetry element. This compression conserves 
the angles of the surface, but reduces the peak-to-peak distance. However, this is a valid simplification 
since the peak-to-peak distance is in the range of 5 μm (before compression), which is much smaller than 
the absorption length (> 130μm) of the light that reaches the rear surface of a 130 μm thick silicon solar 
cell. The rear of the symmetry element is now made up of small, plane facets to which we apply the TMF. 
We call this approach the tilted-mirrors-model (tm-model) because every facet acts as a mirror that is 
tilted with respect to the neighboring facets. Interference within the thin layers at each facet is accounted 
for. However, if the structure of the rough surface is smaller than the wavelength of light, interference 
between the facets occurs. This cannot be described with this approach since every facet is treated 
independently. For the modeling of the planar FZ samples we choose planar front and rear surfaces of the 
symmetry element. 
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Fig. 2. The measured spectral hemispherical reflectance of planar FZ samples (here: coated with 30 nm SiRiON and 80 nm SiNx) 
and the spectral hemispherical reflectance of textured and single-side polished Cz samples (here: coated with 40 nm SiRiON and 
100 nm SiNx (Cz 1) and 20 nm SiRiON and 60 nm SiNx (Cz 2)) can be modeled with the tm-model (closed symbols). Simulations 
with the Phong model using adjusted model parameters in order to fit the measured curve are shown for comparison (open symbols) 
For the dielectrics, we apply the measured refractive indices. The refractive index of silicon and 
aluminum was taken from the literature [12], [13]. The reflectance, transmittance and absorptance of the 
passivation stack and of the anti-reflection coating are computed using the TMF [5]. For the silicon bulk, 
we apply the Lambert-Beer law. Free carrier absorption is modeled with Green’s parameterization [14]. 
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Fig. 2 shows the measured spectral reflection for one FZ sample and the Cz samples that feature the 
thickest (“Cz 1”: 40 nm SiRiON and 100 nm SiNx) and the thinnest passivation stack (“Cz 2”: 20 nm 
SiRiON and 60 nm SiNx) in comparison to the spectral reflectance as simulated with the tilted-mirrors-
model. No fit is needed to achieve this excellent agreement, since the model is physics-based. The tm-
model thus can be regarded as a valid, physical description of the present samples. 
3.2. Comparison with the Phong model 
For a comparison, we perform the simulations with the Phong model using an optical symmetry 
element similar to that of the tm-model. But instead of mapping the 3D height data onto the rear surface, 
we apply the Phong model at the rear. For every sample, we choose the empirical parameters R0 and w in 
such a way that the Phong simulation yields the same spectral reflectance as the tm-model and the 
measurement (R0(Cz 1) = 0.96, ω(Cz 1) = 7, R0(Cz 2) = 0.94, ω(Cz 1) = 7, empty symbols in Fig. 2) for 
the Cz samples. 
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Fig. 3. (Left) The Phong model yields higher generation rates than the tilted-mirrors-model (exemplarily shown for sample Cz 1). 
The generation profiles are shown for three different wavelengths (1000 nm, 1050 nm, 1100 nm). (Right) The larger increase of the 
generation rate with the depth z can be explained with larger mean scatter angles obtained for the Phong model compared to the 
tilted-mirrors-model which result in higher absorption (indicated with the yellow stars) close to the rough rear surface 
Besides the spectral reflectance, the optical simulations with the tm-model and the Phong model yield 
the spatially and spectrally resolved charge carrier generation rate G(x, y, z, O), which depends on the 
three spatial coordinates x, y, z and the wavelength O. G(x, y, z, O) is transformed into a generation profile 
G(z, O), which depends on the depth z (from top to bottom of the symmetry element) and the wavelength 
O by integrating over layers that are equidistant to the faces of the pyramids. We use the AM-1.5g 
spectrum with an intensity of 1000 W/cm². Fig. 3 (left) exemplarily shows the generation rates of the 
Phong and the tm-model for the sample Cz 1 for three selected wavelengths (1050 nm, 1100 nm, 
1150 nm). The first 10 μm of the profiles are dominated by the algorithm for the transformation of the 
generation rate G(x, y, z, O) to G(z,O). For larger depths, the Phong-simulation increasingly overestimates 
the generation rates compared to the tilted-mirrors-simulation. From the charge carrier generation rate, the 
total photogenerated charge carrier current density 
³³  OO ddzzGqJ ),(ph    (1) 
can be calculated, where q is the elementary charge. Jph is closely related to the short circuit current 
density: Neglecting the shading by the front metallization, Jph and Jsc are identical for a minority charge 
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carrier collection efficiency Kcol = 100%, which is typically in the range of Kcol = 90-95%, depending on 
bulk lifetime and surface recombination. The photogenerated current density Jph is 0.2 mA/cm² higher 
with the simple Phong model compared to the more elaborate tm-model when using the aforementioned 
Phong parameters. The Phong parameters R0(Cz 1) = 0.94, ω(Cz 1) = 8 yield a very similar spectral 
reflectance and may therefore alternatively be used. They yield 0.4 mA/cm² higher Jph than the tm-model 
for the sample Cz 1. 
We suggest the following hypothesis as an explanation of the observed generation rates. Energy 
conversion requires that the amount of light that is reflected (R) from and absorbed (G + Apara) within the 
device sum up to unity: 1 – R = G + Apara, where we assume that transmission is zero because of the full 
area aluminum coating on the rear. The amount of absorbed photons (G + Apara) partially generates 
electron-hole pairs in the silicon (G) and is partially parasitically absorbed (Apara) within the dielectrics 
and the aluminum without generating electron-hole pairs. Since the reflectance R of the Phong- and the 
tm-model are identical, the overestimation of G with the Phong model is counterbalanced by an 
underestimation of the parasitical absorption Apara. We attribute the higher generation that we compute 
with the Phong model to larger mean scatter angles with respect to the z-axis (see Fig. 3, right side). Since 
the tilted-mirrors-model is a physical description of the roughness, we assume the scatter angles 
computed with this model to be correct. In contrast, the simpler Phong model is not based on a physically 
correct description and therefore cannot accurately represent the surface roughness of our samples. 
3.3. Optimization of the passivation stack 
After verification of the tilted-mirrors model, it can be used to calculate the impact of the thickness of 
the rear surface passivation on Jph in a virtual experiment. Since there is a-priori no way to calculate the 
impact of the thickness or of the refractive index of the passivation layers on the empirical parameters of 
the Phong model, this virtual experiment is impossible with the Phong model. Using the tilted-mirrors-
model we perform a variation assuming a sample consisting of the silicon wafer with a textured front side 
covered by 75 nm ARC and a rough rear side covered by a thin layer stack of PECVD AlOx, SiO2, SiNz 
and aluminum, with varying thicknesses of the passivation layers. The calculations (Fig. 4 for 40 nm 
SiNz) show that the thicker the passivation stack, the higher the achievable Jph. This relation is strongest 
for thin stacks, which indicates the decay of the evanescent wave within the passivation stack. For 
example assuming 10 nm AlOx and 40 nm SiNz, the deposition of 100 nm SiO2 as additional layer yields 
approx. 0.5 mA/cm² higher Jph compared to the case without SiO2. 
 
 
Fig. 4. The simulation with the tilted-mirrors-
model of a 150 μm thick, textured silicon 
solar cell with SiO2-AlOx-SiNx-Al passivation 
stack shows an increasing photogenerated 
current density Jph as the thickness of the SiO2 
and AlOx layer increases. The thickness of the 
SiNx capping layer is 40 nm 
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4. Conclusions 
We presented a physical approach for the optical simulation of the rear surface roughness of silicon 
solar cells based on the transfer-matrix formalism and three dimensional microscope images. After the 
successful verification of this model with experimental data, we showed that the Phong model 
overestimates the photogenerated current densities by 0.2 - 0.4 mA/cm² compared to the physical model 
introduced here. We further demonstrated the usefulness of the model by exemplarily showing the optical 
impact of thickness variations of the passivation layers on the rough rear side. 
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